So far, some prospective metal-based anti-malarial drugs have been developed. The mechanochemical synthesis and characterization of Zn (II) complex with amodiaquine and its anti-malarial efficacy on Plasmodium berghei-infected mice and safety evaluation were described in this study.
I NT ROD U CT I ON
Malaria, a parasitic disease which occurs mainly in tropical zones of the world, has contributed greatly to health burden of the global population. According to the latest estimate, malaria affects more than 2 million people annually and causes about 627,000 deaths (1) . In Africa, the majority of deaths occur among children, where estimate has it that the death of a child resulting from malaria occurs every minute (1) . All year round, cases of transmission occur in the southern part of Nigeria; it is, however, more seasonal in the North (2) . Plasmodium parasite causes malaria and it is transmitted to the human through the bites of infected Anopheles mosquito which bites mainly between dusk and dawn. Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae and Plasmodium ovale are the four species of plasmodium that cause human malaria (3) . P. falciparum most frequently causes the infection and is responsible for nearly all malaria-related deaths (3). However, P. berghei is a unicellular parasite that infects rodent and is employed as a model organism in the laboratory for the experimental study of human malaria (4) .
The treatment of malaria with effective drugs remains a valuable method of reducing morbidity and mortality rate of the disease. Mostly used anti-malarial agents, such as chloroquine, amodaquine and 4-aminoquinoline derivatives, inhibit the formation of ß-haematin (malaria pigment), which is lethal to the parasite (5) .
Unfortunately, plasmodial parasites have developed resistance to most of these conventional drugs used in the treatment of malaria. Consequently, malaria resistance has led to an increase in the global cost of eradicating the disease, plus the financial implication of developing new drugs (6) . The emergence and persistent problem of drug resistance, especially to P. falciparum, have directed the course of research towards the design of new and more potent drugs, natural or synthetic, with innovative approach as resurgence of interest in the old drugs (7) .
Following the discovery of cisplatin (a platinumcontaining anti-cancer drug), and its subsequent clinical success in the treatment of cancer, transition metal-based anti-malarial drugs came into existence. In the late 20 th century, curiosity in complexes with increased therapeutic potential started to arouse interests. Several studies have been conducted on complexation of some common anti-malarial drugs with metals (7) . Some potentially efficacious metal-derivatized anti-malarial drugs are now in use (8) . Many of the synthesized metal-based anti-malarial drugs were found effective in the reduction of malaria parasite better than the ordinary anti-malarial drugs.
Previous works have shown that coordination with transition metal ions increases activities of some therapeutic agents (9) . Developing appropriate, highly efficient and environmentally-friendly synthetic metallodrugs has become an emerging challenge. The global society is progressively aware of the environmental impact of human activities as a result of the need to produce cleaner and more energy-efficient technologies (11) . It has also been said that "the best solvent is no solvent" (12) . Solventless synthesis has several benefits over solution synthesis. It is induced at room temperature instead of the refluxing temperature of 100-300 O C utilized in the solution synthesis. This method reduces environmental contamination by abolishing and minimizing the use of organic solvents. Also, this method does not involve complex reaction and technique. The duration of synthesis is short (in the range of several minutes) compared to most solution-phase reactions (13) . Therefore, in continuous search to find new antimalarial drugs that are effective against resistant strain of Plasmodium parasite, this paper present solvent-free mechanochemical synthesis of amodiaquine-zinc complex as well as its characterization and anti-malarial efficacy on P. berghei-infected mice and safety evaluations.
MATERIALS AND METHODS

Source of reagents
Chemicals and reagents were of analytical grades and were used without further purification. Reagent and solvents were purchased from Sigma Chemical Co, St. Louis, MO, USA. Alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) assay kits are products of Randox Laboratories Limited, Antrim, United Kingdom.
FT-IR spectra of the ligand and the complexes were recorded in KBr pellets in the range of 4000-400cm-1 on a SHIMADZU scientific model 500 FITR spectrophotometer with resolution 4(1/cm). Electronic spectra were done on an Aquamate Spectrophotometer, Model V4.60. X-ray powder diffraction patterns were recorded on a Huber Imaging Plate Guinier Camera 670 with CuKα1-radiation. Typical scanning times were 20 min over a 2θ-range of 0-40°. AAS analysis was carried out on an Atomic Absorption Spectrophotometer Model Anti-malarial screening and safety evaluation of amodiaquine-zinc complex Mice for experiment were infected as described by Sanchez-Delgado et al. (14) . Swiss mice were randomly distributed into 6 groups of 5 mice each, as follows; Group 1 -Control; Group 2 -Parasite-infected but untreated (IBNT); Group 3 -Parasite-infected, chloroquine-treated (ITWC); Group 4 -Parasite-infected and amodiaquine-treated (ITWA);
Group 5 -Parasite-infected and amodiaquine-Zn complex-treated (ITAZ); Group 6 -Not infected but amodiaquine-Zn complextreated (NIAZ).
The mice were inoculated intravenously with 0.2 ml of 1 x 106 parasite-infected red blood cells suspended in buffered physiological saline (pH 7.4). Four days after infection, parasitemia levels of the mice were monitored everyday by counting parasites in blood smear fixed with 70% methanol and Giemsa stain. The slides were examined under the microscope at a magnification of ×100. The level of parasitemia was thereafter determined by counting the number of infected erythrocytes / 1000 erythrocytes in tail blood smears stained with Giemsa. 0.2ml of each drug solution (corresponding to 7.7 mg/kg body weight) was daily and orally administered to the mice in each group from day 0 to day 3 of infection.
Level 
Preparation of tissue and serum homogenate
The experimental animals were sacrificed 24 h following the last day of drug administration by anaesthetizing with ether and blood samples were collected from the ocular orbit into heparinized bottles. They were then centrifuged and obtained from the plasma. The homogenates of the liver, kidney and small intestine were prepared in ice-cold 0.25 M sucrose solution to give a final volume of five times the original tissue weight (1.5 w/v). The homogenates were kept in well labeled container and stored in the freezer before use.
Determination of enzyme activities
Alkaline phosphatase (ALP) activity was determined according to the method described by Wright et al. (15) . Aspartate and alanine aminotransferases (ALT and AST) activities were assayed using the method described by Reitman and Frankel (16) . Lactate dehydrogenase (LDH) activity was determined using the method described by Wroblewski and La Due (17) .
Determination of haematological indices
Hematological parameters analyzed include Hb, RBC, WBC, PVC, neutrophil and lymphocyte. The haematological parameters studied were determined using the automated haematology analyzer SYSMEX KX21 (SYSMEX Corporation, Japan).
Statistical analysis
Results were expressed as means of (5) five determinations ± SEM. Data were statistically analyzed using one-way ANOVA, followed by Student's unpaired t-test. Differences were considered statistically significant at p < 0.05. 
RESULTS
Compounds 1a and 1b were obtained as white powder via mechanochemical grinding and refluxing in methanol. The mechanochemical method was carried out by manual grinding of Amodiaquine and Zinc chloride dihydrate using mortar and pestle. The reaction was done within 30 minutes at room temperature as compared to solvent-based reaction (120 min in methanol at 70 O C) and 2 days for product to form. The elemental analysis and spectroscopic data (IR, UV-VIS spectra and PXRD) of the compounds prepared via the two different methods are almost identical. The IR spectra of the compounds are shown in Figure 1 and selected bands are given in Table 1 . Comparison of the spectra of Amodiaquine with 1a and 1b showed that the band due to ν(OH) at 3408 cm -1 in the free amodiaquine ligand shifted to 3292 cm -1 in 1a and 3296 cm -1 in 1b as a result of hydrogen bonding between this group and chlorine atoms and also of mechanical stirring and complex formation -the band at 1587 cm -1 assigned to ν (C=N) experienced little shift to 1591 in 1a and 1593 cm -1 in 1b; however, this is not significant enough to indicate coordination. The spectroscopic data combined with elemental analysis results support the structures proposed for 1a and 1b (Scheme 1).
IR studies
The absorption band in range 2931-2974 cm -1 due to ν(C-H) is attributed to stretching vibration of the methylene group in quinuclidine molecule for the compounds 1a and 1b.
The ν(C-Cl) in quinolone group of the Amodiaquine observed at 1095 cm -1 did not change significantly in 1a and 1b, indicating that chlorine atom is not involved in the coordination to the metal ion.
Results from FTIR data for these compounds revealed that there is no direct metal-drug coordination. In addition, the FT-IR spectra of the complexes synthesized via the two methods are identical, but different from the free ligand (amodiaquine), suggesting that both methods produced similar products.
Electronic spectra
UV/VIS spectra data of Amodiaquine 1a and 1b are given in Table 2 . It can be seen from the table that selected UV/VIS spectrum of the Amodiaquine presents two absorption bands at λmax = 210 nm and 256 nm assigned to π → π * and π →n* . The same band are obtained around the same wavelengths, in 1a (224 nm and 296 nm in 1b (218 nm and 278 nm). As expected, Zn(II) compounds do not have additional bands in the visible region. Batochromic shifts of the first and second bands points to complex formation. It has d10 configuration as there is no d-d transition. Figure 2 shows that the powder x-ray diffraction patterns (PXRD) of the mechanochemical product (solidstate compound) was different from the PXRD of the reactants (amodiaquine ligand and Zn(II) ion. New peaks corresponding to the mechanochemical product were observed at 2θ = 16. Figure 2 indicates that the two compounds mechanochemical product and solvent-based (products) are identical. Figure 3 represents the percentage of parasiteamia in infected mice treated with chloroquine, amodia-quine and amodiaquine-Zn complex. There was no significant increase (p > 0.05) in parasitemia in the mice that were infected and not treated when compared to parasite level on day 0. The parasite level in mice treated with chloroquine and amodiaquine-Zn complex reduced below 5% by the 5 th day, while those treated with amodiaquine decreased by 6%. The percentage reduction of parasitemia in groups treated with chloroquine and amodiaquine-Zn complex showed no significant difference (p > 0.05). However, all the animals in all the test groups survived beyond the experimental period. Table 3 represents the percentage of chemosuppression of parasite multiplication following administration of amodiaquine and amodiaquine-Zn complex. The percentage of chemosuppression of mice treated with amodiaquine-Zn complex is relatively similar to that of the chloroquine group which increased significantly (p < 0.05). Amodiaquine attained 85.42% by day 7, while amodiaquine-Zn complex attained 90.85%. Tables 4-7 show the effect of the administration of amodiaquine, amodiaquine-zinc complex and chloroquine to mice (infected and uninfected) for four days on the activities of ALP, ALT, AST and LDH, respectively. There was a significant reduction (p < 0.05) in the activity of ALP, when compared with the control in liver, kidney and small intestine of the treatment groups. The reduction was well pronounced in the group treated with amodiaquine-zinc complex and accompanied by a significant increase (p < 0.05) in the enzyme activity in the plasma of all the treated groups ( Table 4 ). The activity of ALT in all the studied organs of the treatment groups decreased, with a concomitant increase in the plasma enzyme activity ( Table 5 ). The administration of amodiaquine-Zinc complex caused a significant decrease (p < 0.05) in the level of AST of the studied organs in both infected and non-infected animals, with a concurrent rise in the plasma AST activity. Similar pattern was observed in the other treatment groups that received chloroquine and amodiaquine, but this is less pronounced when compared to that of amodiaquinezinc complex (Table 6 ). Figure 3 represents the percentage of parasitaemia in infected mice administered amodiaquine and amodiaquine-zinc complex. LDH activity of the liver, kidney and small intestine (except the kidney of the non-infected group) decreased significantly (p < 0.05), while there was a corresponding increase in the activity of the enzyme in the plasma when compared with the controls (Table 7) . Table 8 presents the effect of the administration of amodiaquine and amodiaquine-Zn complex on heamatological indices of infected and uninfected mice. There was a significant decrease (p < 0.05) in the levels of PCV, Hb, RBC and lymphocytes and a significant increase (p < 0.05) in WBC and neutrophil concentrations across all the treatment groups when compared with control. Values 
X-ray powder diffraction analysis
In-vivo anti-malarial and safety evaluation
DI SCU SSI ON
Solvent-free reactions have gained increasing interest in recent years. Due to the problem of environmental pollution linked with solvent disposal and shrinking energy resources, there is a need to develop benign synthetic reactions which are simple and exhibit high atom economy. Synthesis from solution introduces additional costs related to solvent and its environmental impact and is also subject to limitation. As a society we are increasingly aware of the environmental impact of human activity and as a result of the need to develop cleaner and more energy-efficient technologies (18) .
The outburst of malaria and drug-resistant strain of plasmodium have made malaria a leading killer disease in the world. The challenge of malaria-drug resistant led researchers in the direction of metal-based anti-malarial drugs. Many metal-complexes antimalarial drugs have been reported to possess antimalarial activity better than their parent compounds (7) . In this study, zinc(II) complex with amodiaquine (AMDH + ) 2+ (ZnCl4) 2-was synthesized via two methods: mechanochemical and solvent-based methods. The mechanochemical method involves safe and environmentally friendly synthetic reactions which are simple and exhibit high atom economy. This is needful as synthesis from solution introduces additional costs related to solvent and its environmental impact as well as its limitation (19) .
The spectroscopic spectra of the complexes synthesized via two methods suggest that both methods produced similar products. Moreover, comparing the XRPD patterns of the reactant and the product further proved that mechanochemically synthesized and solvent-based (AMDH + ) 2+ (ZnCl4) 2-are identical.
The reduction in percentage of parasitaemia, as well as the increase in percentage of chemosuppression of parasite when compared with the control, was more pronounced in mice treated with chloroquine and Zn(II) complex with amodiaquine) (AMDH + ) 2+ (ZnCl4) 2- complex. This suggests that amodiaquine-zinc complex exhibits a stronger anti-malarial effect compared to its parent compound. The observed effects may be attributed to the fact that (AMDH + ) 2+ (ZnCl4) 2-complex was more permeative into parasitized erythrocytes than its amodiaquine ligand. This is similar to what was reported by Arise et al. (2) on the study of lumefantrine complexed with copper. (AMDH + ) 2+ (ZnCl4) 2-may have exchanged its bound zinc for ferric ions making the iron to be unavailable for vital parasite functions, thus suggesting (AMDH + ) 2+ (ZnCl4) 2-may have a better therapeutic activity against amodiaquine (20) (21) .
The determination of the activities of various enzymes in tissues and body fluids plays a vital role in disease investigation and diagnosis (22) . Measurement of enzyme activities can also be used to indicate tissue cellular damage caused by a chemical compound long before histological changes (23) . Alkaline phosphatase is a marker enzyme for the plasma membrane and endoplasmic reticulum (24) . It is usually used to assess the integrity of the plasma membrane (25) . Results from this study suggest that the integrity of membrane systems of the rat tissues have been compromised by the administration of the drugs in all test groups since they exerted significant decrease on the activity of the enzyme. This is in agreement with recent studies that have reported that some antimalarial agents as well as their metal-complexed forms such as chloroquine (26) , amodiaquine (27) and lumefantrine-copper complex (2) are capable of causing damage to the liver. The significant reduction of lactate dehydrogenase (LDH), an enzyme associated with the cytosol (28) , in the studied tissues, and its concurrent increase in the plasma, also suggest damage to plasma membrane by the drugs leading to excessive leakage of cytosolic materials including LDH into extracellular fluids (29) .
The activity of alanine aminotransferase (ALT) in the blood increases when cells are damaged or dead (30) . Increase in the activities of serum ALT and AST as observed in this study may be due to loss from some tissue into extracellular fluids because of the change in disruption of plasma membrane as stated earlier. High serum levels of AST and ALT have been used as markers for some forms of liver disorders. The significant fall in the levels in the liver, kidney and small intestine of ALT and AST activities in all the treatment groups is suggestive of damage to the plasma membrane of these tissues at the cellular level, leading to increased efflux of these enzymes into the extracellular fluid (29) . While the decrease in the RBC and PCV observed in groups of mice infected and treated might be due to the decrease in the rate of production of erythrocytes, it may also suggest that that the drugs lacked erythropoeitin potential (30) . The increase in WBC and neutrophil might be an indication that there was a challenge on the immune system.
CONCL U S I ON
In conclusion, mechanochemical synthesis of amodiaquine-zinc represents an ideal method of synthesizing a derivatized amodiaquine-zinc with no environmental pollution on the order of several minutes when compared to the solvent-based that leads to environmental pollution and takes a longer period of time. Coordination of zinc to amodiaquine by mechanical induction enhanced its antimalarial activity, while the alterations in the investigated biochemical parameters suggest selective, functional and structural toxicity. Thus, prolonged use of amodiaquine-zinc may not be completely safe for oral treatment.
